In vitro embryo culture systems promote development at rates lower than in vivo systems. The goal of this project was to discover transcripts that may be responsible for a decrease of embryo competency in blastocyst-stage embryos cultured in vitro. Gilts were artificially inseminated on the first day of estrus, and on Day 2, one oviduct and the tip of a uterine horn were flushed and the recovered embryos were cultured in porcine zygote medium 3 for 4 days. On Day 6, the gilts were euthanized and the contralateral horn was flushed to obtain in vivo derived embryos. Total RNA was extracted from three pools of 10 blastocysts from each treatment. First and second strand cDNA was synthesized and sequenced using Illumina sequencing. The reads generated were aligned to a custom-built database designed to represent the known porcine transcriptome. A total of 1170 database members were different between the two groups (P , 0.05), and 588 of those had at least a 2-fold difference. Eleven transcripts were subjected to real-time PCR that validated the sequencing. There was an overall decrease in inner cell mass (ICM) and trophectodermal (TE) cell numbers in embryos cultured in vitro; however, no difference in the ICM:TE ratio was found. Interestingly, the transcript SLC7A1 was higher in the in vitro cultured group. This difference disappeared after addition of arginine to the 4-day culture. Illumina sequencing and alignment to a custom transcriptome identified a large number of genes that yield clues on ways to manipulate the culture media to mimic the in vivo environment. early development, embryo, environment, gene expression
INTRODUCTION
In vitro embryo production is a valuable tool to aid in the understanding of early mammalian development with applications that range from preservation of gametes from animals of high genetic merit to human-assisted reproductive techniques that enhance the efficiency of preventing human reproductive failure [1] . However, the in vivo environment is not completely known, and it is crucial to understand the effects that culture environments have on preimplantation development. There is increasing evidence that culture environments can cause profound short-term effects such as epigenetic modifications, altered intracellular signaling, metabolic stress, and changes in gene expression that can bring about long-term effects such as reduced implantation capacity, unbalanced fetal/placental allocations, abnormal fetal growth rate, altered setting of neuroendocrine axes, distortion of sex ratios, abnormal birth weight, behavioral effects, and cardiovascular disease [2] [3] [4] [5] [6] [7] . Preimplantation embryos exhibit an amazing plasticity and tolerance when it comes to adapting to the environment in which they are cultured. However, compared to their in vivo (IVV) counterparts, in vitro (IVC) derived embryos are developmentally impaired [1, [8] [9] [10] [11] . Thus, it is imperative that we understand the mechanisms controlling normal development and also that we assess the adaptive capacity of cultured embryos so that we can be assured that the environments within which gametes and embryos are placed will not exceed these adaptive capacities and result in deleterious consequences [12] .
The differences in development and gene expression between IVV versus IVC embryos cultured from the one-cell to the blastocyst stage were determined using innovative nextgeneration sequencing technology from Illumina. Since the mid-1990s, DNA microarrays have been the technology of choice for large-scale studies of gene expression levels [13] . However, microarray technology comes with limitations that include reliance upon existing knowledge about genome sequence, high background levels due to cross hybridization and dye binding [14] , and a limited dynamic range of detection due to both background and saturation of signals [15] . Recent advances in sequencing technologies have revolutionized the way we can analyze the entire transcriptome within a population of cells. Next-generation sequencing technology is a powerful, highly reproducible [13] and cost-efficient tool for ultrahigh throughput transcription analysis [15] [16] [17] [18] . It has been shown to increase transcript sensitivity and identify novel transcripts, identify single nucleotide polymorphisms enabling the detection of allele-specific expression, identify splicing events, and identify different family isoforms [18] . Using this sequencing endeavor, arginine transporter solute carrier family 7 (cationic amino acid transporter, y þ system; SLC7A1) was found to be significantly up-regulated in IVC embryos. The effect that arginine has on transcript expression was then subsequently analyzed.
MATERIALS AND METHODS

Chemical Components
Unless otherwise indicated, all the chemical components were purchased from Sigma Chemical Company (St. Louis, MO).
Embryo Collection and Culture
All the animal procedures were approved by our Institutional Animal Care and Use Committee. Gilts were artificially inseminated on the first day of estrus detection (designated Day 0). Two days postinsemination (Day 2), one oviduct and the tip of the uterine horn were flushed and one-and two-cell stage embryos were collected and cultured in porcine zygote medium 3 (PZM3) [19] in low oxygen (5% O 2 , 5% CO 2 , 90% N 2 ) for 4 days. On Day 6 postinsemination, the gilt was euthanized and the contralateral horn was flushed to obtain IVV derived embryos. This created genetically matched and synchronized IVV and IVC embryos. Blastocysts from each experiment group were washed in diethyl pyrocarbonate (DEPC)-treated phosphate-buffered saline (PBS) þ 0.1% polyvinyl acetate (PVA) (1 L: 8 g NaCl, 0.2 g KCL, 1.44 g Na 2 HPO 4 , 0.24 g KH 2 HPO 4 , 0.1 g PVA, and 1 ml DEPC) and then snap frozen in liquid nitrogen for RNA isolation or stained for determination of cell number.
RNA Extraction and Amplification
For every replicate (IVV-A, IVC-A, IVV-B, IVC-B, IVV-C, IVC-C), total RNA was extracted from genetically matched pools of 10 embryos in each biological replicate, that is, A,B, and C for each IVV and IVC group using the AllPrep genomic DNA/RNA microisolation kit (Qiagen, Germantown, MD). Eight of the 12 lL of isolated total RNA was converted to first-strand cDNA using reverse transcriptase SuperScript III First-Strand Synthesis System (Invitrogen, Carlsbad, CA) according to the manufacturer's instructions. Second-strand cDNA was then synthesized using a protocol provided by Illumina using the Klenow fragment of DNA polymerase I (Illumina, San Diego, CA). The samples were then purified using a QIAquick PCR spin column (Qiagen). The double-stranded cDNA was sheared to an average fragment length of 250 bp using a Bioruptor 200 (Diagenode, Liege, Belgium).
Illumina Sequencing and Data Analysis
The amount of cDNA input after shearing varied between samples with the lowest sample containing a total of 1.88 ng while the highest two samples both had a total of 4.32 ng. Each sample was loaded and run on a Genome Analyzer II (GAII) flow cell. The Illumina sequencing resulted in 42 bp reads from each of the six samples.
The analysis of the Illumina sequencing was conducted in a manner similar to the one described by Isom et al. [20] . Three separate cDNA and expressed sequence tag (EST) sources were used to construct a single custom database to align the sequencing reads generated from each sample. The custom database was derived from 1 262 922 sequences that consisted mainly of ESTs present in the NCBI Swine UniGene build no. 37 (ftp://ftp.ncbi.nih.gov/repository/ UniGene/Sus_scrofa), 2064 ESTs that were submitted to GenBank (GT642432-GT644759) subsequent to build no. 37, and another 288 cDNAs and ESTs in GenBank that had not been included in the Swine UniGene build. Using SeqClean software (http://compbio.dfci.harvard.edu/tgi/software), the lowcomplexity regions were trimmed before further analysis was completed. CAP3 (http://www.ncbi.nlm.nih.gov/pubmed/10508846) was used to identify pairs of reads with an overlap and to extend the length of the consensus contig. The other two cDNA and EST sources were then aligned to these clusters using BLAST [21] , and the clusters were reassembled. This endeavor resulted in a custom transcriptome that was composed of 83 126 clusters of assemblies and singletons that exceeded the 51 519 clusters currently in the Swine UniGene from NCBI. SOAPv1 (http://soap.genomics.org.cn) was used to identify and then remove reads that were homologous to pig 45S ribosomal RNA, pig mitochondrial DNA, etc. The remaining 42-bp sequences were then aligned to the custom database using SOAP, which is designed to efficiently align short oligonucleotides onto a reference sequence, only allowing up to two nucleotide mismatches. Reads that mapped to more than one cluster were disregarded due to ambiguity. Raw gene expression profiles were obtained by counting the number of reads that matched to a cluster using custom scripts that processed the SOAP output of a lane.
A normalization factor for each lane was derived to correct for variations in total expression, sample loading, and the differences in total cell number between lanes. The normalization factor was calculated by identifying the sample with the largest number of alignable reads and then taking a ratio of the total number of reads for each of the remaining samples (Table 1) . A mean for the three biological replicates for each treatment group was calculated for each custom database member. A 95%-confidence interval was then constructed around the mean number of reads to identify the average number of reads for each database member that was statistically greater than zero. A t-test and an added stringency of at least a 2-fold change between the means for each database member was then used to determine if the means of the two groups for each database member were statistically different. Correlation coefficients were calculated to determine the variance between biological replicates for both IVV and IVC embryos within each respective transcript.
Relative Real-Time PCR
The remaining 4 lL of isolated total RNA was then amplified using the WT-Ovation Pico RNA Amplification System (NuGEN Technologies, Inc., San Carlos, CA). After amplification, the samples were purified using Micro Bio-Spin P-30 Columns (Bio-Rad Laboratories, Hercules, CA). Real-time PCR was then conducted for each of 11 candidate genes-POU class 5 homeobox 1 (POU5F1), SRY (sex determining region Y)-box 2 (SOX2), nanog homeobox (NANOG), DNA (cytosine-5)-methyltransferase 3 beta (DNMT3B), keratin 18 (KRT18), caudal-type homeobox 2 (CDX2), ornithine decarboxylase 1 (ODC11) regucalcin (senescence marker protein-30; RGN), stanniocalcin 2 (STC2), solute carrier family 6 (neurotransmitter transporter, taurine), member 6 (SLC6A6), and SLC7A1-using IQ SYBR Green Supermix (Bio-Rad Laboratories) and the amplified cDNA from each biological replicate (diluted to 5 ng/ll) as the template. Primers were designed using Integrated DNA Technology (Coralville, IA) software, and real-time PCR was completed in triplicate for every biological replicate on the MyiQ Single-Color Real-Time PCR Detection System (Bio-Rad Laboratories) to verify the differential expression of the chosen transcripts and validate the Illumina sequencing (Supplemental Table S1 ; all supplemental data are available online at www. biolreprod.org). Expression levels for each mRNA transcript were calculated relative to the reference sample and the housekeeping gene, tyrosine 3-monooxygenase/tryptophan 5-monooxygenase activation protein, gamma polypeptide (YWHAG) [22] . The reference sample contained the IVV and IVC biological replicates pooled together. Expression levels were determined using the comparative threshold cycle (C T ) method for each gene. The C T value for YWHAG was subtracted from the C T value for the transcript of interest, which generated a DC T value. The DC T value of the reference/YWHAG was subtracted from the DC T of the transcript of interest. This gave a DDC T value. The 2 ÀDDCT values were first analyzed for normality and skewness before being log transformed. The log-transformed values were then analyzed using the general linear model (PROC GLM) in the Statistical Analysis System (SAS; SAS Institute, Cary, NC). Differences in expression were found by using the least squares means generated by PROC GLM.
Gene Ontology (GO) Classification and KEGG Pathways
To determine the biological processes that were affected by IVC culture, the up-regulated and down-regulated (relative to IVV) gene lists were uploaded into DAVID (database for annotation, visualization and integrated discovery) 
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Bioinformatics Resources (http://david.abcc.ncifcrf.gov/tools.jsp; [23, 24] ). This software provides an efficient means of extracting biological features and meanings associated with large gene lists [23] . The GenBank accession IDs associated with the significantly differentially expressed genes were uploaded into DAVID using the PANTHER (http://www.pantherdb.org/) database to identify biological processes represented in the over-and underexpressed genes. The Homo sapiens genome was used as the background gene list, which allowed for the identification of gene families that were enriched in the up-or down-regulated genes. The enriched functional annotation terms are identified and listed according to their enrichment P-value (also known as EASE score) and fold enrichment score by DAVID. DAVID Bioinformatics Resources also contains the ability to identify pathways that are affected by the gene list uploaded. The Kyoto Encyclopedia of Genes and Genomes (KEGG) pathways were used to recognize enriched genes in the differentially expressed genes in IVC versus IVV embryos (P , 0.05).
Differential Nuclear Staining
A comparison of the number of trophectodermal (TE) and inner cell mass (ICM) nuclei for IVC and IVV embryos was conducted after differential nuclear staining [25] . All zona pellucidae were removed using a physiological saline lowered to a pH of 1.79. Zona-free embryos were exposed to a 1:7 dilution of rabbit anti-pig whole serum (P-3164; Sigma) for 60 min [25] . Embryos were then washed three times for 5 min in Tyrode lactate-Hepes (114 mM NaCl, 3.2 mM KCl, 25 mM NaHCO 3 , 0.4 mM NaH 2 PO 4 H 2 O, 10 mM Na lactate, 2 mM CaCl 2 , 0.5 mM MgClÁ6H 2 O, 0.25 mM pyruvate, 0.6% BSA, fraction V). Finally, embryos were incubated in a 1:10 dilution of guinea pig complement (S-1639; Sigma), propidium iodide, and bisbenzimide (Hoechst 33342; Sigma) for 35 min. The propidium iodide and bisbenzimide were added to the complement solution to a concentration of 10 lg/ml. The embryos were then observed under ultraviolet light at 403 magnification using a Nikon Eclipse E600 inverted microscope (Nikon Corp., Tokyo, Japan). ICM cells stain blue while TE cells stain pink (see Fig. 1 ). Mean ICM, TE, total cell number, and ratio of TE:ICM were first analyzed for normality and skewness by using the UNIVARIATE procedure in SAS. The data was then log-2 transformed and analyzed by ANOVA using the MIXED procedure in SAS. A least-significant difference posttest comparison was then completed for each variable to determine if significant differences (P , 0.05) existed between the two groups.
Effect of Arginine on SLC7A1 Expression
To determine the effect of arginine on gene expression, embryos were collected in the same manner as described above. On Day 2, one oviduct and the tip of the uterine horn was flushed and embryos were collected and cultured in one of three groups: 1) PZM3 (0.12 mM arginine); 2) PZM3 þ arginine (total of 0.36 mM arginine); or 3) PZM3 without arginine. A concentration of 0.36 mM arginine was chosen because it was three times the concentration of the current PZM3 arginine concentration. On Day 6, the gilt was euthanized and the contralateral horn was flushed to obtain IVV-derived embryos. Blastocyst stage embryos from each group were washed in DEPC-treated PBS þ 0.1% PVA and then snap frozen in liquid nitrogen for RNA isolation.
For every replicate, total RNA was extracted from genetically matched pools of two embryos by using the AllPrep genomic DNA/RNA microisolation kit (Qiagen). A total of three biological replicates (A, B, and C) were completed for each experiment group. Five of the total 12 ll of isolated total RNA was then amplified using the WT-Ovation Pico RNA Amplification System (NuGEN Technologies, Inc.). After amplification, the samples were purified using Micro Bio-Spin P-30 Columns (Bio-Rad Laboratories). Real-time PCR was then conducted using 5 ng amplified cDNA aliquots for seven transcripts. Primer design and real-time PCR were carried out as described above. It should be noted that the mean comparisons were transformed before performing the posttest comparison due to unequal variance; however, the true values are reported.
RESULTS
Effect of In Vitro Culture on Global Gene Expression
Sequencing on the GAII resulted in short 42-bp sequence reads (referred to from now on as ''reads'') from all six samples. The quality control statistics from the GAII are listed in Table 1 . Generation of the custom database resulted in the production of 83 126 database entries, 30 241 (36.4%) of which were represented by at least a single read in at least one sample. The 95%-confidence interval found a mean number of 11 reads or more that were statistically greater than zero. Of the 30 241 members, 9896 (32.7%) were represented by at least 11 reads in at least one of the treatment means (Table 2) . A t-test comparison was completed to determine if a significant difference in transcript abundance existed between IVC and IVV embryos. This test found a total of 1170 genes that differed significantly (P , 0.05); 588 of these had at least a 2-fold change in the number of reads in the IVC or IVV embryos. Of the 588 transcripts that had at least a 2-fold difference, 168 transcripts had at least a 4-fold difference, and 35 had at least a 10-fold difference in the number of reads between IVC and IVV embryos. Of the transcripts that were significantly different, there was a greater number of transcripts that were down-regulated in the IVC embryos (380) than the number of transcripts that were up-regulated (208).
To determine the effect that the culture had on the variation of gene expression profiles of the embryos within treatment, correlation coefficients were calculated for each biological replicate and compared to the mean for the respective treatment group. The correlation coefficient for the IVV embryos tended (P ¼ 0.09) to be higher (0.97) than the correlation coefficient for the IVC embryos (0.91). 
Real-Time PCR
To further validate the GAII results, 11 genes were chosen for real-time PCR: three pluripotency-related genes (POU5F1, SOX2, and NANOG), two TE markers (KRT18 and CDX2), one gene associated with DNA methylation (DNMT3B), one gene important for polyamine biosynthesis (ODC1), and four genes associated with nutrient homeostasis (RGN, STC2, SLC6A6, and SLC7A1). The real-time PCR results revealed differences between the IVC and IVV culture groups that validated the GAII results for all 11 genes (see Table 3 ). One transcript, SOX2, had IVC:IVV ratios that were in opposite directions for the two techniques; however, the ratios as determined by both real-time PCR and GAII sequencing were not significant.
Differential Nuclear Staining
Differential staining revealed that IVV embryos had a higher number of ICM, TE, and total cell number than IVC embryos (P , 0.0001, P ¼ 0.003, and P ¼ 0.0004, respectively). However, there was no significant difference (P ¼ 0.81) found in the ratio of TE:ICM cells between the two culture groups (Table 4) . Differential-staining IVV and IVC pictures are shown in Figure 1 .
GO Ontology and KEGG Pathway Analysis
The DAVID GO biological process analysis identified gene families that were up-and down-regulated in IVC embryos, and the top 10 biological processes are summarized in Supplemental Tables S2 and S3 . In vitro cultured embryos show an up-regulation of processes involved with mRNA transcription, nucleotide metabolism, DNA metabolism, amino acid metabolism, lipid metabolism, neurogenesis, protein disulfide isomerase reaction, proteolysis, and porphyrin metabolism. The top 10 gene families enriched in the downregulated genes are involved in carbohydrate metabolism, proteolysis, protein glycosylation, ATP binding, cell structure and motility, lipid, fatty acid, and steroid metabolism, protein phosphorylation, mRNA transcription regulation, G-protein mediated signaling, and cation transport (Supplemental Tables  S2 and S3 ). The up-and down-regulated KEGG pathways in IVC embryos are listed in Table 5 .
Effect of Arginine on an Arginine Transporter (SLC7A1)
Adding arginine to a final concentration of 0.36 mM decreased SLC7A1 transcript level to that of IVV embryos (Fig.  2 ). There was a significant difference in SLC7A1 transcript levels between IVV embryos and embryos cultured in PZM3 (0.12 mM) or PZM3 with no arginine (P 0.02). However, embryos cultured with arginine to a final concentration of 0.36 mM did not differ in SLC7A1 message from the PZM3 conditions containing 0.0 or 0.12 mM arginine. Embryos cultured in PZM3 (0.12 mM arginine) had the same level of expression of SLC7A1 as embryos cultured in PZM3 with 0.0 mM arginine (P ¼ 0.48). Arginine did not have a uniform effect 
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on the other transcripts that were measured (Table 6) as the message for ODC1 and KRT18 tended to move toward the IVV level with increased arginine.
DISCUSSION
Using the innovative next-generation sequencing approach, we examined the transcription profile of IVC embryos and contrasted them to their IVV counterparts. Determination of the expression patterns of genes relevant to early embryonic development provides an opportunity to assess the quality of IVC-produced embryos and a chance to optimize IVC embryo production systems [26] . This sequencing endeavor was a conservative effort in which we only looked at the difference in a single transcript for IVC and IVV embryos. Large gene families have many members or variants that are extremely homologous except for certain unique sequences of the transcript. To be confident that we are analyzing the correct member, we threw out every 42-bp read that aligned to more than one cluster. This allows analysis of the differences between IVV and IVC embryos within a cluster (e.g., SLC7A1), but not if different transcripts (i.e., actin vs. tubulin) are represented more than another. Illumina sequencing successfully produced millions of reads from six samples of very low cDNA abundance from the embryo pools collected. Once the 42-bp reads were aligned to the custom database and confidence intervals were generated, 9896 potential transcripts were identified. The t-test (P 0.05 and at least a 2-fold difference) found that 588 potential transcripts were statistically differentially expressed, and 65% (380) of these were down-regulated in the IVC embryos. Similarly most genes in mouse, bovine, and porcine embryos cultured in vitro [9, 11, 27] were down-regulated and might be a result of decreased expression of genes involved in transcription and translation [11] . There was a tendency (P ¼ 0.09) for greater variation within IVC embryos compared to IVV embryos. The average correlation coefficient for IVC embryos was 0.91 compared to IVV embryos where the average correlation coefficient was 0.97. This suggests that the IVV embryos were perhaps more uniform in their gene expression over three biological replicates than IVC embryos.
Although previous global gene expression studies of in vitro produced (IVP) and in vivo porcine embryos have been conducted [9, 22, 28] , this is the first study to use innovative next-generation sequencing to generate transcriptional profiles of IVV and IVC porcine blastocyst-stage embryos. Additionally, this study is unique as it takes into consideration only the effect of culture on gene expression, not oocyte maturation or fertilization environment. Finally our identification of SLC7A1 as differentially regulated is novel. Only deep sequencing could have identified it as being differentially expressed as it is not present on our pig-specific microarray. Whitworth et al. [22] evaluated message abundance in IVP pig embryos and concluded that differences in transcripts for energy production are a result of a higher metabolic rate in more developmentally competent embryos. Miles et al. [9] , using serial analysis of gene expression, found that the greatest alteration in expression between IVP and IVV embryos was a decrease in cellular metabolism in IVP embryos. Overall, genes involved in cellular metabolism were generally found to be up-regulated in IVC embryos in this present study, including those involved with nucleoside, nucleotide, and nucleic acid metabolism, amino acid metabolism, lipid metabolism, DNA metabolism, and porphyrin metabolism. This is consistent with the quiet embryo hypothesis, which proposes that more viable embryos 
TRANSCRIPTIONAL PROFILING OF CULTURED EMBRYOS
have lower overall metabolism compared to relatively active ones [29] . This hypothesis has been developed further in that embryos with higher levels of damage to their transcriptome and proteome have a higher demand for nutrients, thus, making them metabolically more active [30] . This is also consistent with findings from amino acid profiling of IVC-produced pig blastocysts compared to those produced in vivo in that IVP embryos exhibited overall a higher amino acid turnover that correlated to higher amounts of DNA damage [31] .
The biological process most significantly enriched in the genes up-regulated in IVC embryos found by DAVID analysis involves mRNA transcription regulation. Interestingly, there was a 3-fold increase in elongation factor RNA polymerase II (ELL) in IVC embryos. This gene acts as an RNA polymerase II elongation factor that increases the overall rate of transcription elongation by RNA polymerase II via suppression of transient pausing by the polymerase at many sites along the DNA [32] . This may be a marker of decreased embryo viability.
Carbohydrate metabolism was the most overrepresented biological process identified by DAVID analysis of downregulated genes in IVC embryos. Swain et al. [33] found that pig embryos metabolize glucose throughout preimplantation development, and glucose has not been shown to inhibit pig embryo development. This is in contrast to other species such as mice, cows, and humans where glucose use is limited until after compaction and glucose has been found to be inhibitory if present before compaction. Swain et al. [33] also found that IVV-derived embryos metabolize more glucose than do IVCderived embryos. Consistent with these observations, our study also shows genes involved with glucose metabolism to be down-regulated in IVC embryos, suggesting a decrease in glucose metabolism. The current culture medium, PZM3, does not contain glucose, which may be the explanation for this decrease in glucose metabolism. El-Sayed et al. [34] found an increase in the expression of arachidonate 15-lipoxygenase (ALOX15), a gene involved with carbohydrate metabolism, in bovine embryos that resulted in pregnancy. This may represent a decrease in embryo implantation competency in IVC embryos that have a decrease in carbohydrate metabolism.
In the pig, during blastulation, the outer cells allocated to the TE become connected by tight junctions and desmosomes that seal the expanding blastocyst cavity; it is here that the ICM forms as a tight cluster of lucent cells [35] . The TE cells are destined to contribute only to the extraembryonic tissues while the cells of the ICM will eventually form the fetus [10] . It is known that inadequate culture conditions cause cellular trauma in the embryo that can manifest in different ways, and the overall result is the developmental retardation of the cultured embryo [25] . As expected, our studies found IVC embryos were lagging behind IVV embryos by about one cell division (Table 4) , a finding that is similar to what was previously reported for culture in NCSU 23 over the same 4-day period [25] . A similar decrease in cell division was found in murine embryo culture, suggesting that a change in environment from IVV to IVC appears to stress the embryos more than if they were kept entirely in an IVC or IVV environment, however artificial it may be [8] . We found a significant net reduction in total, TE, and ICM cell numbers in IVC embryos when compared to IVV embryos. Machaty et al. [25] also found a net decrease in cell number in IVC embryos; however, these embryos with reduced number of cells were able to establish pregnancies when transferred into recipients and were thus developmentally competent.
We analyzed the effect that culture had on TE:ICM ratio as it was hypothesized that culture would cause a difference in the TE:ICM ratio as seen previously [25] . However, there was no difference in the ratio of TE:ICM cells in IVC compared to IVV embryos. Although no differences in the TE:ICM ratio were found by differential staining, CDX2 and KRT 18 transcripts, both TE markers, were found to be significantly reduced in the IVC transcriptional profiling and real-time PCR data. POU5F1, a pluripotency regulator [36] , and SOX2, an important regulator of pluripotency that can heterodimerize with POU5F1 [10] , were not found to be different in IVC versus IVV embryos. However, NANOG, a transcription factor that is involved in maintaining pluripotency [37] , was found to be down-regulated in IVC embryos. If only the TE:ICM ratio is used as a marker of embryo quality, we could conceivably say that the quality of IVC embryos is adequate when compared to IVV embryos. Transcriptional profiling shows otherwise. Although differential staining showed that there were lower cell numbers in IVC embryos, there was no difference in the TE:ICM ratio. If one was to identify embryo quality by looking at the ratio of TE to ICM cells, differentially staining would show that IVC and IVV embryos are not different. However, Illumina sequencing identified 588 transcripts that were misexpressed between the two culture groups, leading us to conclude that differential staining alone should not be used to predict embryo quality.
KEGG pathway analysis of the genes significantly downregulated in IVC embryos found the folate-mediated onecarbon metabolism pathway was enriched in this set of genes. This pathway is important for de novo synthesis of purines and thymidylate as well as for remethylation of homocysteine to methionine [38] . An impaired folate status or metabolism has been linked to neural tube defects [39] [40] [41] . A shortage of onecarbon units for de novo purine or thymidylate, a pyrimidine precursor, synthesis will slow replication, thereby decreasing mitotic rates as well as affecting DNA repair, reducing the proliferative capacity of the cell and promoting genomic instability [41] . KEGG pathways for pyrimidine and purine metabolism were up-regulated in the IVC embryos, providing more evidence that there was an inappropriate balance of folate in the culture medium. Disruption in one-carbon pool metabolism and cellular folate might be markers for embryo viability and quality; more details can be found in Supplemental Text S1 and Figure S1 .
By using DAVID GO analysis, we found that amino acid metabolism was up-regulated in IVC embryos. Amino acids are essential components of the culture medium and are crucial to support embryo development. Amino acids are required not only for protein biosynthesis, but they also stimulate activation of the embryonic genome, blastocyst formation and hatching, and contribute to energy production, osmoregulation, pH control, cell homeostasis, and signal transduction cascades [7] . Specifically, there is growing evidence that arginine catabolism plays important roles in placental growth [42] as well as conceptus growth and development [43] . Arginine is a substrate for the synthesis of polyamines and nitric oxide (NO), and each is crucial for normal pre-and peri-implantation development in mice and rats because each is needed in chromatin formation [44] . It was found that expanded blastocysts consume significantly larger amounts of arginine than those that remain at the early blastocyst stage [45] . Arginine transport is mediated by the sodium-independent system y þ for cationic amino acids, which has low affinity but high capacity in cells and is encoded by SLC7A1 [43] . Li et al. [46] For these reasons, we hypothesized that adding arginine to the culture medium would cause a decrease in SLC7A1 expression. Arginine was added to PZM3 for a final concentration 0.36 mM (three times the current concentration in PZM3) to see if SLC7A1 expression would become more similar to IVV blastocysts. Indeed, the abundance of SLC7A1 was not significantly different between IVV and embryos cultured in PZM3 þ 0.36 mM arginine (Fig. 2) . In future experiments, a higher concentration of arginine will be added to see if even lower levels of SLC7A1 can be attained. Given these results, it is evident that SLC7A1 is a candidate marker for identifying embryo quality as IVV embryos possess very minute amounts of arginine transporter RNA.
Adding additional arginine to PZM3 also caused an increase in KRT18 to that of IVV embryos (Table 6 ), which supports the hypothesis that arginine is important for placental development [42] . KRT18 is a trophectodermal marker in the early embryo as it is a cytoskeletal protein that is abundantly expressed in epithelial cells. Interestingly, additional arginine caused ODC1 levels to be more similar to those found in IVV embryos. One of the products of arginine catabolism is polyamines, which is also a product of ODC1 metabolism. We would expect that the mRNA expression level of ODC1 in the presence of additional arginine would be slightly decreased and more similar to that of IVV embryos. In a replication of this experiment, only one of the seven transcripts, POU5F1, did not completely replicate the data in Table 3 . Two explanations for this can be put forward. One, the difference is due to biological variation between the replications. Two, the real-time PCR results were completed on only two blastocyst-stage embryos per biological replication, whereas in Table 3 there were 10 embryos per replication. Biological replicate here refers to IVC-A, IVC-B, and IVC-C, which are all biological replicates of each other as are IVV-A, IVV-B, and IVV-C; also, each biological replicate was collected from a different gilt.
Other amino acid transporters were up-regulated in IVC embryos, including SLC38A2 (neutral amino acid transporter), SLC6A9, (neurotransmitter transporter, glycine), and SLC1A1 (neuronal/epithelial high affinity glutamate transporter, system Xag). Biological evidence for SLC1A1 in pig blastocysts has been previously reported [47] . These all may be markers of decreased embryo viability. Glycine is needed in IVC culture because it acts as an osmolyte, supporting osmotic balance [48] ; SLC6A9 is a glycine transporter that is increased in IVC embryos.
Our findings illustrate the ability to effectively sequence extremely limited samples equivalent to 6.7 blastocysts and approximately 200 cells using Illumina's next-generation sequencing. The validity of this sequencing effort was confirmed when real-time PCR on 10 of 11 genes showed the same trend as found by Illumina sequencing; although SOX2 did not have the same trend in the two approaches, it was not found to be significantly different in IVV versus IVC samples using either technique. We were able to find many differences in transcript abundance levels between IVV and IVC embryos that may be potential markers for embryo competency and perhaps can be used to modify our current culture system. Specifically, the arginine transporter SLC7A1 was found to be extremely up-regulated in IVC embryos. Adding arginine to our culture conditions caused a decrease in SLC7A1 message to that of IVV embryos. Although differential staining found a net decrease in cell number between IVV and IVC embryos, the TE:ICM ratio was not different. This finding suggests differential staining, if used alone, may not be an accurate method for determining embryo quality because Illumina sequencing identified hundreds of misexpressed transcripts between IVC and IVV embryos. This data set is the first to directly compare the transcriptome of IVP pig embryos against a cohort of IVC cultured embryos. The data will be very valuable for mining additional information to better design culture medium and to understand the developmental program of the early pig embryo.
